-Reactive oxygen species (ROS) generated by Nox NADPH oxidases may play a critical role in the pathogenesis of diabetic nephropathy (DN). The efficacy of the Nox1/Nox4 inhibitor GKT137831 on the manifestations of DN was studied in OVE26 mice, a model of type 1 diabetes. Starting at 4 -5 mo of age, OVE26 mice were treated with GKT137831 at 10 or 40 mg/kg, once-a-day for 4 wk. At both doses, GKT137831 inhibited NADPH oxidase activity, superoxide generation, and hydrogen peroxide production in the renal cortex from diabetic mice without affecting Nox1 or Nox4 protein expression. The increased expression of fibronectin and type IV collagen was reduced in the renal cortex, including glomeruli, of diabetic mice treated with GKT137831. GKT137831 significantly reduced glomerular hypertrophy, mesangial matrix expansion, urinary albumin excretion, and podocyte loss in OVE26 mice. GKT137831 also attenuated macrophage infiltration in glomeruli and tubulointerstitium. Collectively, our data indicate that pharmacological inhibition of Nox1/4 affords broad renoprotection in mice with preexisting diabetes and established kidney disease. This study validates the relevance of targeting Nox4 and identifies GKT137831 as a promising compound for the treatment of DN in type 1 diabetes. diabetic nephropathy; NADPH oxidase; Nox1/Nox4 inhibitor OXIDATIVE STRESS WITH INCREASED generation of reactive oxygen species (ROS) has emerged as a critical mechanism in the pathogenesis of diabetic complications including diabetic nephropathy (DN) (1, 22, 23, 30, 42) . Although multiple pathways result in ROS generation, numerous studies identified the Nox family of NADPH oxidases as major sources of ROS in various nonphagocytic cells, including most kidney cells (4 5, 22, 23, 33) . Evidence suggests that among the seven Nox homologs, it is the Nox1 and Nox4 homologs that are required for the damaging effects of high glucose in cultured cells and contributes to hyperglycemia-mediated microvascular and macrovascular complications of diabetes in the retina, vasculature, heart, and kidney (21-24, 27, 34) .
Nox1, Nox2 (a.k.a. gp91 phox ), Nox4, and Nox5 are the NADPH oxidase homologs that are predominantly expressed in the kidney, including glomerular and tubulointerstitial cells (5, 22, 23) . The calcium-dependent homolog Nox5 is found in higher species, including human kidney tissue and cells, but is not present in mice and rats. Nox2 and Nox1 require the membrane-bound regulatory subunit p22 phox as well as multiple cytosolic factors for activation (5, 22, 23) . While p22 phox regulatory subunit enhances the activity of Nox4, the enzyme has constitutive activity, and consequently the overall ROS output of Nox4 may be directly governed by its expression level (22, 23) . A role for Nox4 in DN is supported by previous studies by our group, which demonstrated that administration of antisense oligonucleotides for Nox4 to diabetic rats prevents renal hypertrophy and matrix expansion (18, 21) . The orally available small-molecule Nox1/Nox4 inhibitors from the pyrazolo pyridine chemical series have recently drawn considerable attention. Preclinical studies performed with these inhibitors in experimental animal models indicate that they effectively attenuate the pathological changes observed in type 2 diabetes including accelerated atherosclerosis as well as ischemic retinopathy, liver fibrosis, and idiopathic pulmonary fibrosis (2, 10, 13, 25, 28, 32, 40, 44, 47) . More recently, the firstgeneration Nox1/Nox4 inhibitor GKT136901 was found to ameliorate DN in db/db mice, a model of type 2 diabetes (40) . A recent study using apolipoprotein E/Nox4 double knockout mice or Nox4 knockout mice on C57BL6/J background made type 1 diabetic with streptozotocin showed that systemic Nox4 deletion or pharmacological inhibition with the dual Nox4/ Nox1 inhibitor GKT137831 reduces albuminuria and decreases matrix accumulation (27, 44) .
Because Nox-derived ROS have been implicated in diabetic complications, these enzymes are attractive therapeutic targets. This is particularly relevant since treatment with antioxidants, such as vitamins E and C, failed to ameliorate the complications related to cardiovascular disease or diabetes (11, 12, 14, 38) . Consequently, inhibiting the sources of ROS in the setting of diabetes may be a superior approach compared with nonselective scavengers.
Building on these encouraging results, it is important to determine whether pharmacological Nox inhibition attenuates disease severity when therapy is initiated once diabetic kidney disease is already established. It is also important to evaluate novel therapies in a murine model that closely reproduces the human manifestations of DN, such as the OVE26 mouse model. Accordingly, the present study was designed to assess whether the therapeutic administration of GKT137831 in the OVE26 type 1 diabetic mouse model attenuates the severity of established diabetic nephropathy.
MATERIALS AND METHODS
Pharmacokinetics of Nox1/Nox4 inhibitor. Pharmacokinetic (PK) studies were performed in mice by Genkyotex to characterize the PK properties of GKT137831 and its main active metabolite GKT138184. Male C57BL/6 mice were dosed daily for 8 days at 5, 20, and 60 mg· Ϫ1 ·kg Ϫ1 ·day Ϫ1 (Genkyotex study GSN000168). GKT138184 is a N-desmethylated phase 1 metabolite with a nearly identical potency and selectivity profile against Nox isoforms as its parent compound GKT137831. The vehicle used was 1.2% methyl cellulose/0.1% polysorbate 80 in water. Levels of GKT137831 and GKT138184 were measured in plasma at 0.17, 0.33, 0.67, 1.5, 4, 8, and 24 h (n ϭ 3 animals/time point) on days 0 and on 7, and PK parameters were calculated. There was no notable difference in exposure to either analyte upon repeated dosing, and thus plasma concentrations on day 7 (i.e., after the 8th daily dose) were deemed to be representative of PK steady state.
Cmax (maximal concentration), AUC0-t (area under the curve from time 0 to time t), Clast (last concentration), and Tlast (last time point) values on day 7 at each dose level for each analyte are presented in Tables 1 and 2 .
Combined GKT137831 and GKT138184 steady-state plasma concentrations were maintained above 200 ng/ml (i.e., 5 times the IC 50) for 1.5 h at a dose of 5 mg· Ϫ1 ·kg Ϫ1 ·day Ϫ1 , and for 8 h at doses of 20 and 60 mg· Ϫ1 ·kg Ϫ1 ·day Ϫ1 . It is therefore reasonable to assume that, at doses of 10 and 40 mg· Ϫ1 ·kg Ϫ1 ·day Ϫ1 , combined GKT137831 and GKT138184 plasma concentrations would be maintained above 200 ng/ml for Ͼ1.5 and Ͼ8 h, respectively. Collectively, the PK data indicate that the Genkyotex compounds exhibit a good exposure and absorption, as evidenced by the values of the Cmax and AUC and a good distribution volume allowing a good distribution in the various tissues.
Note that the PK properties of single-and multiple-dose GKT137831 were also assessed in healthy human subjects (46) . Animals and treatment. OVE26 mice (FVB background, The Jackson Laboratory, Bar Harbor, ME) were used as the experimental model of type 1 diabetes, and 24-wk-old FVB mice served as controls. At ϳ20 wk (4 -5 mo) of age, OVE26 mice were treated with dual Nox1/4 inhibitor GKT137831 (Genkyotex) for 4 wk and then euthanized. Mice were divided into the following groups: group 1, FVB control mice receiving drug vehicle (1.2% methylcelluloseϩ0.1% polysorbate 80) by oral gavage once a day (n ϭ 7); group 2, OVE26 mice receiving drug vehicle by gavage once a day (n ϭ 6); group 3, OVE26 mice receiving 10 mg/kg of the GKT137831 inhibitor by oral gavage once a day (n ϭ 6); and group 4, OVE26 mice receiving 40 mg/kg of GKT137831 by gavage once a day (n ϭ 5). Three of the six OVE26 mice not on treatment died toward the end of the study. The analysis included two OVE26 mice of the same batch and of the same age that were not part of this study. One of the six OVE26 mice treated with the higher dose of GKT137831 died toward the end of the study. The dose of 40 mg/kg was selected to provide a maximally effective dose, and the 10 mg/kg dose was at least a half log smaller. Since the inception of the present study, several in vivo studies have been conducted with GKT137831. Overall, the maximally effective dose was generally ϳ20 mg/kg. Blood glucose was determined at 3-to 4-wk intervals in all groups by glucometer on blood samples obtained from the tail vein. Before euthanasia, mice were placed in metabolic cages and 24-h urine was collected for albumin measurements. Urine albumin was measured by a mouse albumin ELISA (Bethyl Laboratories) and expressed as micrograms of albumin per 24 hours (15) (16) (17) . Animals were euthanized by exsanguination under anesthesia, and both kidneys were removed and weighed. A slice of kidney cortex at the pole was embedded in paraffin or flash-frozen in liquid nitrogen for microscopy and protein analyses. All experiments were approved by the University of Texas Health Science Center at San Antonio Institutional Animal Care and Use Committee.
NADPH oxidase assay. NADPH oxidase activity was measured by the lucigenin-enhanced chemiluminescence method as described previously (6, (15) (16) (17) (18) 21) . Superoxide production was expressed as relative chemiluminescence (light) units (RLU)/mg protein.
Measurement of hydrogen peroxide production in the kidney cortex. Hydrogen peroxide was measured using an Amplex Red Assay Kit (Invitrogen/Molecular Probes) as described previously (6, 39) . Hydrogen peroxide generation was expressed as fluorescence units per 50 micrograms protein.
In situ detection of intracellular ROS production in the kidney cortex using dihydroethidium and confocal microscopy. Frozen cortical sections (6 m thick) were placed on cover glasses (no. 1, 25 mm diameter) and set into a Attofluor cell chamber (A7816, Invitrogen/ Molecular Probes). The frozen sections were air-dried and incubated with 10 M dihydroethidium (DHE; D11347, Invitrogen Molecular Probes) for 10 min at room temperature in the dark. The fluorescence images by DHE staining were taken at the wavelength of 515 nm (excitation)/580 nm (emission) by a Olympus confocal microscope (FV 1000).
Detection of intracellular superoxide production in the kidney cortex using DHE and HPLC. Cellular superoxide production in the kidney cortex was assessed by HPLC analysis of DHE-derived oxidation products, as described previously (27, 31) . The HPLCbased assay allowed the separation of the superoxide-specific 2-hydroxyethidium (EOH) from the nonspecific ethidium. Superoxide was measured in finely minced kidney cortex from the experimental animals. The minced tissue was washed three times with PBS/diethylenetriaminepentaacetic acid (DTPA) followed by a 30-min incubation with 100 M DHE (Sigma-Aldrich) in 500 l PBS/DTPA at 37°C in the dark. The tissue was then washed with PBS/DTPA, flash frozen in liquid nitrogen, homogenized, and resuspended in 500 l acetonitrile, lysed by sonication, and centrifuged at 12,000 g for 10 min at 4°C. The supernatants were dried using a speed-vac system. For HLPC analysis, the dried samples were resuspended in 120 l PBS/DTPA, and 100 l were injected into a HPLC system (LC-2000 plus series, Jasco Analytical Instruments, Easton, MD) equipped with a C 18 column (Nucleosil 100-5, Macherey-Nagel) and with ultraviolet and fluorescence detectors. Elution of analytes was achieved with acetonitrile (solvent A) and water with 0.1% trifluoroacetic acid (vol/vol; solvent B) as a mobile phase, with a flow rate of 0.6 ml/min and with the following solvent A gradient: 10% at time 0 (sample injection) and 60% at minute 10 (linear increase) and through minute 20 (isocratic). Elution of EOH was monitored by fluorescence with emission and excitation wavelengths at 595 and 510 nm, respectively. The retention times for EOH was 12.5-13.5 and 16-16.5 min. The eluate mass was quantified by comparing the peak area of the unknown samples with those of standard EOH (Noxygen, Denzlingen, Germany). EOH and ethidium were monitored by fluorescence detection with excitation at 510 nm and emission at 595 nm. Western blot analysis. Western blot analysis was performed as described previously (6, (15) (16) (17) (18) 21) . The antibodies used were a rabbit polyclonal Nox4 antibody directed against recombinant glutathione S-transferase-mouse Nox4-fragment (299 -515, dilution 1:1,000), a rabbit polyclonal anti-Nox1 (dilution 1:500, Santa Cruz Biotechnology), a rabbit polyclonal anti-fibronectin antibody (1:2,500, SigmaAldrich), a rabbit polyclonal anti-collagen type IV antibody (1:1,000, Abcam), and rabbit polyclonal anti-GAPDH (1:1,000).
Renal histology. For morphometric studies, kidneys were fixed in formaldehyde, embedded in paraffin, and 5-m sections were stained with hematoxylin and eosin (H&E) or periodic acid Schiff (PAS) (15, 21) . Matrix expansion was evaluated on PAS-stained sections as described previously (15) . Determination of glomerular surface area was performed using H&E-stained sections from the different treatment groups as described previously (21) .
Immunofluorescence. Immunofluorescence was performed on 5-mthick frozen sections using rabbit polyclonal anti-fibronectin, rabbit polyclonal anti-collagen type IV, or rabbit anti-synaptopodin as described previously (15-17, 21, 31) . Dual-label immunohistochemistry was used to identify and count glomerular epithelial cells relative to the glomerular basement membrane (GBM) using a modification of methods described previously (15) (16) (17) .
Immunohistochemistry. Localization of fibronectin, collagen IV, and WT-1 was assessed by immunoperoxidase histochemistry in frozen cortical sections (5 m thick) using polyclonal fibronectin antibodies (1:800, Sigma-Aldrich), collagen type IV antibodies (1: 500, Millipore), or WT-1 antibodies (1:400, Santa Cruz Biotechnology) as described previously (15-17, 19, 27, 31) . Localization of CD68 (1:100, Serotec) was assessed in paraffin-embedded sections (5 m thick) by alkaline phosphatase histochemistry.
Statistical analysis. Data are presented as means Ϯ SE. Statistical comparisons between multiple groups were performed by one-way ANOVA (nonparametric), and posttest analysis was done using Tukey Statistical (GraphPad Prism). A P value of Ͻ0.05 was considered statistically significant. Table 3 displays blood glucose levels and body and kidney weights in the different groups of mice. Untreated type 1 diabetic OVE26 mice and OVE26 mice treated with either 10 or 40 mg/kg of GKT137831 had equivalently elevated blood glucose concentrations at the end of the study period compared with the FVB control mice. Body weight was similarly reduced in the diabetic mice treated with either 10 or 40 mg/kg GKT13783. Diabetes or treatment of diabetic mice with GKT137831 did not influence total kidney weight. Kidney weight-to-body weight ratio, an indicator of whole kidney hypertrophy, significantly increased in untreated diabetic mice compared with nondiabetic control animals. Although there is a trend toward a decrease, total kidney weight-to-body weight ratio in GKT137831-treated diabetic mice was not significantly reduced compared with that observed for the untreated diabetic group (Table 3) . It should be noted that treatment with GKT137831 ameliorated the general appearance of OVE26 mice compared with that of untreated OVE26 mice. GKT137831 also appears to improve the survival of the OVE26 mice. Indeed, 1 of the 12 OVE26 mice treated with GKT137831 died, whereas 3 of the 6 OVE26 mice not on treatment died toward the end of the study.
RESULTS

Effect of GKT137831 treatment on blood glucose concentration and body weight.
Effect of GKT137831 treatment on diabetes-induced ROS generation in the renal cortex. NADPH-dependent superoxide production was significantly increased in renal cortical homogenates of OVE26 mice compared with controls. Treatment with 10 or 40 mg/kg GKT137831 suppressed diabetes-induced NADPH oxidase activation in cortical homogenates (Fig. 1A) . In situ detection of intracellular ROS with DHE staining and confocal microscopy indicated that treatment of OVE26 mice with 10 or 40 mg/kg GKT137831 reduced the diabetes-induced increase in DHE fluorescence in glomerular and tubular compartments (Fig. 1B) . HPLC analysis of EOH, the superoxidespecific product of DHE, validated the specificity of superoxide measurements with DHE and confirmed the inhibitory effects of GKT137831 on superoxide production in cortical homogenates from diabetic mice (Fig. 1C) . As shown in Fig.  1D , treatment of OVE26 mice with the two doses of the Nox1/Nox4 inhibitor GKT137831 also attenuated the increase in hydrogen peroxide production observed in OVE26 mice in renal cortical homogenates.
Effect of GKT137831 treatment on Nox4 and Nox1 protein expression in the diabetic kidney. The protein levels of Nox4 and Nox1 in renal cortex from the different groups were examined. Western blot analysis showed that Nox4 protein expression was increased in OVE26 mice compared with that in control nondiabetic FVB control mice. GKT137831 administration had no effect on diabetes-induced Nox4 expression (Fig. 1E) . The levels of Nox1 were not increased in diabetic animals, and the administration of GKT137831 did not alter Nox1 expression (Fig. 1F ). These data indicate that GKT137831 reduces diabetes-induced ROS generation without affecting the expression of Nox4 and Nox1.
Effect of GKT137831 treatment on diabetes-induced extracellular matrix protein accumulation. As depicted in the immunoblot in Fig. 2A , expression of fibronectin protein was significantly increased in the renal cortex of OVE26 mice compared with FVB controls. The increased expression of fibronectin was markedly reduced in the renal cortex of diabetic mice treated with 10 mg/kg ( Fig. 2A, left) or 40 mg/kg ( Fig. 2A, right) of GKT137831. GKT137831 also significantly inhibited diabetesinduced cortical collagen IV protein expression (Fig. 2B) . The protective effects of GKT137831 on extracellular matrix accumulation were confirmed by immunohistochemical and immunofluorescence analyses of fibronectin and collagen IV expression. As shown in Fig. 2, C and E, the amount of fibronectin and collagen IV was increased in the diabetic group, and treatment with both doses of GKT137831 decreased the expression of fibronectin and collagen IV induced by diabetes in the glomerular and tubular compartments. Effect of GKT137831 treatment on diabetes-induced glomerular hypertrophy. Glomerular hypertrophy was assessed by quantifying glomerular surface area in histological sections of kidneys removed from FVB control mice, diabetic OVE26 mice, and GKT137831-treated OVE26 mice. Figure 3A shows that glomeruli of OVE26 mice are significantly larger compared with those of FVB control mice. Treatment with 10 mg/kg of GKT137831 resulted in a decrease in glomerular size. There is a trend toward a decrease in glomerular hypertrophy with the 40 mg/kg dose.
Effect of GKT137831 treatment on mesangial matrix expansion in diabetic mice. Histopathological features of glomerular injury were also defined by assessing mesangial matrix expan- sion. Mesangial matrix expansion was examined by subjecting sections of paraffin-embedded kidneys to PAS staining. Untreated OVE26 mice exhibited enlarged glomeruli with expanded mesangial matrix compared with FVB control mice (Fig. 3B) . In OVE26 mice treated with 10 mg/kg or 40 mg/kg of GKT137831, mesangial matrix accumulation was significantly reduced (Fig. 3B) .
Effect of GKT137831 treatment on albuminuria in diabetic mice. Urine was collected, and albumin levels were measured. OVE26 mice showed significant albuminuria (Fig.  4A) . Treatment of the mice with either 10 or 40 mg/kg of GKT137831 for 4 wk resulted in a significant decrease in albumin excretion compared with control diabetic mice receiving vehicle (Fig. 4A) .
Effect of GKT137831 treatment on podocyte loss in diabetic mice. Podocyte loss was assessed by enumeration of WT-1-or synaptopodin-positive cells in the glomeruli. As shown in Fig.  4B , WT-1 staining is markedly reduced in glomeruli from OVE26 mice. The two doses of GKT137831 significantly prevented the decrease in WT-1-positive cells induced by diabetes (Fig. 4B) . Dual-label immunohistochemistry was used to identify and count podocytes relative to the glomerular basement membrane (GBM). Representative immunofluorescent images of glomeruli stained with collagen IV (marker of GBM, green), synaptopodin (podocyte marker, red), and DAPI (blue) showed that administration of GKT137831 (10 or aptopodin-positive cells in the glomeruli from treated animals (Fig. 4C) .
Effect of GKT137831 treatment on inflammation in diabetic mice. One of the features of diabetic kidney disease is a high degree of inflammation, characterized by macrophage infiltration that contributes to renal injury. Macrophage infiltration was examined in glomeruli and tubulointerstitium using CD68 staining. The number of CD68-positive cells was increased in both glomeruli and tubules from OVE26 mice, indicating that diabetes elicited macrophage infiltration (Fig. 5, A and B) .
Treatment with both doses of GKT137831 markedly attenuated diabetes-induced macrophage infiltration in the glomeruli (Fig. 5A ) and the tubulointerstitial compartment (Fig. 5B) , as evidenced by the reduction in CD68-positive cells.
DISCUSSION
Here, we provide evidence that a relatively short-term therapeutic administration of GKT137831 markedly attenuates the severity of diabetic kidney disease in the OVE26 model. Oral administration of GKT137831 reduces Nox-dependent ROS generation and attenuates diabetes-induced albuminuria, glomerular and tubular injury, as well as macrophage infiltration.
Importantly, treatment was initiated in 4-to 5-mo-old mice, at a time when overt diabetes and kidney disease are already present (49) . In OVE26 mice, significant hyperglycemia and albuminuria are already present at 2 mo of age, and urinary albumin excretion reaches ϳ1,000 g/24 h at 5 mo of age (49) . In line with these published data, in our study albuminuria was approximatively 1,300 g/24 h at the time of euthanasia in untreated mice. This indicates that Nox1/4 inhibition is effective in mice with established kidney disease.
Many of the rodent models of type 1 or type 2 diabetes have their limitations in that proteinuria and the renal injury are modest and certain histological features do not mimic DN in humans (7) (8) (9) . OVE26 mice exhibit many hallmarks of human diabetic kidney disease, including severe proteinuria, and glomerular and tubulointerstitial injury (15) (16) (17) 49) . We have previously reported that NADPH oxidase activity as well as Nox4 and Nox1 protein expression are increased in glomeruli isolated from OVE26 mice (15) (16) (17) . We now show that Nox4 but not Nox1 expression is increased in the renal cortex, likely reflecting tubular epithelial cells. Therefore, the OVE26 mice model represents a suitable model for investigating the effect of Nox1/4 inhibitors. We find that GKT137831 protects against the pathological features of diabetes in the kidney of OVE26 mice without altering blood glucose levels, suggesting that the inhibitor targets the kidney directly. It is likely that GKT137831 reduces the level of ROS in the kidney and subsequently the damage mediated by oxidative stress through inhibition of Nox oxidase activity. This is supported by the observations that treatment of OVE26 mice with the two doses of the Nox1/Nox4 inhibitor GKT137831 abolished NADPH-dependent superoxide generation and hydrogen peroxide production in renal cortical homogenates. GKT137831 had no effect on Nox4 or Nox1 protein expression in OVE26 mice cortex. These observations suggest that the enzyme activity of Nox4 or Nox1 is targeted by the inhibitor and not the expression level, consistent with the mechanism of action of GKT137831, an allosteric inhibitor. Competition binding experiments carried out by Genkyotex on membranes prepared from Chinese hamster ovary cells overexpressing Nox1 show that GKT137831 is a noncompetitive inhibitor for NADPH, i.e., it binds to the same subunit as NADPH but on another binding site distant from that of the NADPH. Furthermore, results obtained in whole cells with nonpermeable analogs indicate that GKT137831 binds to the extracellular part of the catalytic subunit of the Nox enzymes. Since Nox4 is constitutively active (4, 5, 22, 23, 33) , the overall ROS output of Nox4 is at least partially dependent on its expression level. In contrast, Nox1 requires association with regulatory subunits to be activated (4, 5, 22, 23, 33) .
The present study clearly demonstrates that diabetes-induced glomerular injury, including mesangial matrix accumulation, podocyte injury, as well as tubular injury are significantly attenuated by the inhibitor. Although GKT137831 is a dual Nox1 and Nox4 inhibitor, there is some indication that its actions are due to the targeting of Nox4 in the kidney. The homolog Nox4 has been shown to be critical for glomerular and tubular pathology associated with diabetes, including glomerular hypertrophy and matrix accumulation in the mesangium and tubulointerstitial compartment (21) (22) (23) 27) . In cultured renal cells, Nox4 is required for high glucose-induced ROS production and subsequent cell injury (6, 16, 18, 19, 21-23, 27, 36, 39) . In mesangial or tubular epithelial cells, ROS generated by Nox4 mediate high glucose-induced extracellular matrix protein expression (6, 18, 21-23, 36, 39) , and, in podocytes, Nox4 contributes to apoptotic cell death (15) (16) (17) . Studies by our group using a Nox4 antisense oligonucleotide strategy established a causal relationship between Nox4-dependent ROS generation and renal hypertrophy, mesangial matrix accumulation, and interstitial matrix protein expression in a rat model of early type 1 diabetes (18, 21) . Two recent studies that addressed the role of Nox4 in mediating proteinuria emphasized that functional and structural manifestations in the kidney of diabetic mice using whole body Nox4 knockout mice yielded conflicting results (3, 27) . In C57BL/6J mice rendered diabetic with streptozotocin (STZ), deletion of Nox4 resulted in no change in proteinuria or in matrix protein expression (3). However, this study was a short-term study (60 days) conducted on a genetic background (3) that is resistant to the development of DN. Thus diabetes induction resulted in hyperfiltration but failed to induced significant kidney injury, as shown by the lack of kidney hypertrophy and the modest extracellular matrix protein accumulation (3). Also, renal ROS production in diabetic mice was not reported. Consequently, this model may not be ideal for studying the role of Nox4 in DN. Importantly, in a more recent study in STZ-induced diabetic mice on a C57BL/6J background (44) genetic deletion of Nox4 showed that Nox4 deficiency is renoprotective. The duration of diabetes in this study was 20 wk, and the animals had marked injury compared with that of the 60-day study.
Another study compared the effects of Nox1 or Nox4 gene deletion, as well as pharmacological Nox1/4 inhibition with GKT137831, on the development of DN (27) . Apolipoprotein E-deficient mice were made diabetic with STZ and assessed for up to 20 wk. In this model of accelerated diabetic complications, diabetes induction lead to kidney injury, as shown by sustained albuminuria, glomerular hypertrophy and mesangial expansion, macrophage infiltration, profibrogenic gene expression, glomerulosclerosis, and tubulointerstitial injury (27) . Deletion of Nox4, but not Nox1, resulted in amelioration of proteinuria, preserved renal structure, reduced glomerular accumulation of extracellular matrix proteins, and reduced renal ROS production and inflammation (27) . Similar improvement was achieved by the administration of GKT137831, suggesting that Nox4, but not Nox1, is the source of ROS contributing to albuminuria, glomerular and tubular accumulation of extracellular matrix proteins in this model (27) . It should be emphasized that unlike the previous studies using GKT inhibitors (27, 40, 44) , our present findings indicate that Nox1/4 inhibition achieves protective effects when administered to type 1 diabetic mice with well-established nephropathy. Importantly, these results were observed in 5-mo-old OVE26 mice, at a time where severe diabetes and albuminuria are present. These results suggest that Nox1/4 inhibition with GKT137831 could be effective in reversing pathological changes in patients with established diabetic kidney disease.
The idea that Nox4 is the primary target of GKT137831 in DN is reinforced by the fact that the other Nox homologs that could potentially be affected by the inhibitor were either not found to be implicated in a mice model of DN (Nox2) (48) or are not expressed in mice (Nox5) (5, 22, 23) .
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In our study, GKT137831 markedly reduced macrophage infiltration in glomeruli and interstitium. These results are consistent with the reduction of monocyte chemotactic protein-1 (MCP-1) and macrophage infiltration observed in the aorta and kidneys of diabetic mice treated with GKT137831 (24, 37) . Collectively, these results indicate that Nox-derived ROS play an important role in chemokine expression and macrophage infiltration in several micro-and macrovascular diabetic complications. The magnitude of macrophage infiltration correlates with disease progression in human DN. Furthermore, pharmacological blockade of MCP-1 or its receptor chemokine receptor 2 have been shown to be effective in animal models of DN and are being evaluated in patients with DN (20, 29, 35, 37, 41, 43) . Therefore, the marked effect of GKT137831 on MCP-1 expression and macrophage infiltration likely contributes to its therapeutic efficacy. Furthermore, Nox1/4 inhibition attenuated the severity of structural abnormalities, as shown by the reduction in glomerular hypertrophy, fibronectin and collagen type IV expression, and mesangial expansion.
As anticipated, GKT137831 treatment did not affect the expression of Nox4 or Nox1, indicating that pharmacological inhibition of these Nox isoforms does not cause a compensatory increase in their expression level. Of note, a compensatory increase in renal Nox4 expression was reported in mice lacking Nox2 (48).
An intriguing and novel finding was the restoration of cells positive for podocyte markers in glomeruli of OVE26 mice treated with GKT137831. Podocytes are known to be exquisitely sensitive to oxidative stress (8, 16, 17, 22, 23, 30, 42) . It is remarkable that a relatively short-term inhibition of Nox4 and Nox1 achieves a protective effect in mice with established kidney disease. GKT137831 attenuates ROS production in human podocytes exposed to high glucose (27) . Our results indicate that this in vitro finding translates into podocyte protection in vivo. Further work is required to determine whether these results are related to increased cell survival, reduced loss of specific podocyte markers, or regeneration of new cell populations of podocytes. Incidental findings included an improved general appearance and a trend for improved survival in OVE26 mice treated with GKT137831. The cause of death in the untreated OVE26 mice was not identified. Circulatory collapse secondary to osmotic diuresis and proteinuria, or severe metabolic disturbances related to sustained hyperglycemia, might all underlie the increased mortality. While Nox1 and Nox4 inhibition could modulate some of these metabolic abnormalities, further work is required to confirm these findings and delineate the underlying mechanism(s). Figure 6 summarizes the renoprotective actions of GKT137831 described in the present study.
Overall, our results provide compelling evidence for a beneficial effect of Nox1/4 inhibition in the OVE26 model of DN, which reproduces the key features of human DN. Importantly, our study suggests that a relatively short-term treatment can be effective even when initiated in mice with established diabetes and diabetic kidney disease. However, further investigations in animal models of diabetes are needed, including the role of other Nox enzymes such as Nox5. Nox5 has recently been suggested to play a role in human DN (23, 26) , but the lack of expression of Nox5 in rodents has made it difficult to assess the role of this Nox isoform in DN. Transgenic expression of human Nox5 in mouse podocytes resulted in mild proteinuria (26) . It is worth noting that GKT137831 possesses substantial inhibitory activity on Nox5 (K i ϳ0.5 M) and was shown to attenuate glucose-induced ROS production in human podocytes that express Nox5 (26) .
In conclusion, there is accumulating evidence supporting a role for Nox4 as the major Nox responsible for the increased generation of ROS in DN. Since Nox1 mediates accelerated atherosclerosis in diabetes (24) , pharmacological inhibition of Nox4 and Nox1 represents an attractive therapeutic strategy for patients with longstanding diabetes, to attenuate the development of nephropathy as well as macrovascular complications. Our data support the clinical evaluation of Nox1/4 inhibitors in diabetic patients. GKT137831 is currently being evaluated in a phase 2 clinical trial in patients with type 2 diabetes and albuminuria (ClinicalTrials.gov reference number NCT02010242). Our work suggests that such studies should be extended to patients with DN secondary to type 1 diabetes.
